Planar alignment of disc-like nanomaterials is required to transfer their superior anisotropic properties from microscopic individual structures to macroscopic collective assemblies. However, such alignment by electrical or magnetic field is challenging due to their additional degrees of orientational freedom compared to that of rod-like nanostructures. Here, the realization of planar alignment of suspended graphene sheets using a rotating magnetic field produced by a pair of small NdFeB magnets and subsequent demonstration of high optical anisotropy and potential novel device applications is reported. Compared to partially aligned sheets with a static magnetic field, planar aligned graphene suspensions exhibit a near-perfect order parameter, much higher birefringence and anisotropic absorption/transmission. A unique feature of discotic nanomaterial assemblies is that the observed order parameter and optical property can vary from isotropic to partial and complete alignment depending on the experimental configuration. By immobilizing and patterning aligned graphene in a UV-curable polymer resin, we further demonstrated an all-graphene permanent display, which exhibits wide-angle, high dark-bright contrast in either transmission or reflection mode without any polarizing optics. The ability to control and pattern graphene orientation in all three dimensions opens up new exploration and broad device applications of graphene.
Introduction
Disc-like (discotic) nanostructures encompass a wide range of materials from aromatic molecules and clay platelets to recent atomically thin two dimensional (2D) materials such GO were reported, but were only achieved by a rotating sample and a very strong static magnetic field (6-20 T) generated by a superconducting coil. [7] Due to these and other reasons, many intrinsic and unique properties of aligned 2D materials have not been revealed, which hinders their device applications. [7b] 2D nanomaterials have attracted enormous attention recently due to their excellent electronic, optical, mechanical, thermal, and various other properties. It should be noted that these properties are intrinsically anisotropic and confined to the planes of 2D materials. For large-scale macroscopic devices that require thousands or millions of individual 2D nanostructures, it is extremely important to control the orientation of individual units and align their planes parallel with each other. Only with this planar alignment of 2D nanomaterials can their unique microscopic properties be transferred to large-scale devices. As such, many techniques have been developed, including those based on mechanical shear force or the Langmuir-Blodgett surface method, [8] and excellent performances of aligned graphene have been demonstrated, such as electromagnetic interference shielding, [9] optical display, [8a,10] ultrahigh thermal conductivity, [11] and transparent conducting thin films. [8b,12] However, these mechanical or chemical force-based techniques suffer from many serious shortcomings. For instance, orientations cannot be arbitrarily controlled, especially with respect to their supporting substrate, [12, 13] making it difficult to achieve a large-scale uniform alignment, and the alignment procedure can hardly be compatible with other fabrication processes such as patterning. A noncontact field-controlled planar alignment is highly desired.
In this work, we demonstrate planar alignment of suspended graphene sheets using a weak rotating magnetic field produced by a pair of small commercial magnets. We achieve extraordinary anisotropic optical properties of aligned graphene such as strong birefringence and polarization-dependent transmission/absorption. Our experiments have also revealed a significant difference between aligned one dimensional (1D) and 2D nanomaterials: the measured order parameter and optical anisotropy of 2D nanomaterial assembly are strongly dependent on the experimental configuration and can be controlled by two degrees of orientational freedom. [3f ] To demonstrate the flexibility of magnetic alignment and unique optical properties of aligned graphene, we created the first dual-mode all-graphene permanent display using UV-assisted polymer immobilization and patterning of graphene sheets. This display is omnidirectional without additional polarizing optics, and it exemplifies all the advantages of 2D materials that cannot be realized by rod-like molecules or nanomaterials.
Results and Discussion
Graphene sheets were fabricated with electrochemical exfoliation of highly oriented pyrolytic graphite (HOPG) in a salt solution and dispersed in N-methyl-2-pyrrolidone (NMP). [13] Figure 1a shows our magnetic technique to align graphene sheets parallel to a plane. A glass cell/cuvette filled with graphene suspension is placed between two 1 in. NdFeB magnet cubes, which are mounted on a motor to produce a horizontal rotating magnetic field at a speed of 5-15 revolutions per second. Compared with the previous technique using a single rotating magnet, our design can produce a more uniform field with an adjustable magnetic field strength over a large distance. [4] [5] [6] Because of their strong diamagnetic properties, [3f,g] the graphene sheets will be aligned in the x-y plane swept by the rotating magnetic field. [3f,14] The effect of a rotating magnetic field on the graphene alignment can be conveniently observed with birefringence images as shown in Figure 1b field. The alignment difference between a static and rotating magnetic field can be clearly seen from the schematics of graphene orientations in Figure 2c ,d. Under a static field in y-direction, each graphene becomes aligned in the y-direction due to the interaction between magnetic field and its induced current in graphene, but each is still free to rotate around the y-direction. [3c,d,f,g] A naive way to align the graphene to the x-direction at the same time is to apply another magnetic field in the x-direction. Unfortunately, this method will not work because magnetic field is a vector; a combination of two fields in the x and y directions will simply result in a new field at 45° to x and y, assuming both fields have the same magnitude. One way to get around it is to use a rotating field: at each moment, there is only one field, and the alignments in x and y directions, strictly speaking every direction in the x-y plane, are performed alternatively and repeatedly by the rotating field.
To find out the time required for planar alignment, we monitored the birefringence transmission image once the magnets began to rotate. Figure 1f shows that a stable planar alignment can be achieved only after four revolutions of magnetic field in 3-4 s. Another unique property of 2D graphene is that the degree of alignment is dependent on the rotation speed. Figure S1 in the Supporting Information shows that the birefringent transmission decreases rapidly if the rotation speed falls below 5 revolutions per second. More research is needed to understand the dynamics of graphene planar alignment; we believe this time scale is related to the relaxation of graphene orientation. For a very slow rotational speed, the time between two consecutive alignments after half a rotation, i.e., in the x-direction, becomes much longer than the orientation relaxation time; as a result, the previous alignment becomes either lost or cannot be further improved, leading to a low overall alignment order.
Such strong optical birefringence must come from a high alignment order of graphene sheets, which can be verified by a strong polarization-dependent optical transmittance as shown in Figure 2a . Conversely, we can calculate the alignment order parameter based on such anisotropic optical transmission
, where Δ = k ⊥ /k || , and k is the extinction coefficient. [15] Figure 2c shows that the order parameter of graphene in a rotating magnetic field increases almost linearly at a low rotating magnetic field, but starts to saturate when it reaches 0.8 at 440 mT. field are included in Figure 2b ,c: the transmission is weakly dependent on the polarization and the order parameter saturates at 0.2, indicating a very low degree of alignment perpendicular to the magnetic field. As discussed above, graphene sheets are only partially aligned along the magnetic field direction and they can still randomly rotate around the magnetic field. [16] Note that the polarization-dependent optical absorption is mainly due to the shape anisotropy of graphene. The electrons have a high mobility in the graphene plane, but cannot easily move in the direction perpendicular to the plane. Under an in-plane electrical field, a large polarization is induced, resulting in strong optical absorption and weak optical transmission. Nevertheless, the order parameter of 0.8 does not reflect the actual alignment of graphene sheets. In fact, order parameter obtained from the above anisotropic optical absorption is not well applicable to our multilayer graphene (average thickness is 2 nm) because a perfect alignment (order parameter of 1) requires a zero k ⊥ , which can only be achieved by single layer graphene. [15a,17] To better characterize the alignment, we took microscopic images of graphene sheets and measured their actual orientations with respect to the applied magnetic field. Figure 2d ,e,g reveals that graphene sheets are well oriented in the rotating field of x-y plane with a small angle θ distribution. A high order parameter of 0.98 is obtained based on S = < 2cos 2 θ − 1>, [17] in agreement with the simulation in Figure S2 in the Supporting Information. In contrast, Figure 2h ,i,k shows that graphene sheets are randomly oriented in the direction perpendicular to the static magnetic field, giving us a near-zero order parameter. These extreme order parameters can be quickly confirmed by birefringence images in Figure 2f ,j: graphene sheets aligned by a static magnetic field is optically isotropic in the direction of the field. Note that this zero order parameter does not contradict the order parameter obtained by polarized absorption in Figure 2b ,c; the difference comes from different observations or experimental configurations, which is unique to 2D nanomaterials.
A better way to distinguish partially and planar aligned graphene sheets in Figure 2a -c is to simply send a laser beam through the graphene suspension and observe the transmitted or diffracted beam pattern. Figure 3a shows the schematic of the laser diffraction setup. Figure 3c ,e,i shows diffracted laser beam after going through NMP; NMP with graphene sheets aligned by the static and rotating magnetic fields. Figure 3d ,h shows schematics of graphene orientations. The difference is obvious: an almost uniformly enlarged laser spot versus vertical diffraction pattern. The former indicates light scattering by randomly oriented graphene sheets, while the latter confirms planar alignment of graphene sheets in the horizontal direction.
Our uniform large-volume magnetic alignment is compatible with additional control or manipulation of graphene sheets. By dispersing graphene in a mixed solution of NMP and UV-curable adhesive, we can use UV light (365 nm) to polymerize the solution and make the alignment permanent. Figure 3b shows pictures of a pure polymer film and two graphene/polymer composite films. Figure 3f motion and disturbance in polymer films. [18] The insets show the transparency of these films for incoherent white light. Due to large lateral size (1.5 µm on average), graphene sheets strongly scatter light when randomly oriented, but once they are aligned, light scattering and diffusion are greatly reduced and transparency is increased. [19] The ability to immobilize graphene orientation enables us to demonstrate several optical devices. The most obvious device is the optical polarizer based on polarization-dependent transmission in Figure 2 . In fact, the graphene/polymer film in the right of Figure 3b is already such a device where graphene sheets are aligned perpendicular to the film plane. Figure 4a shows the ratio of transmission as a function of the angle between light polarization and the graphene plane. As expected for a polarizer, the transmission oscillates between two polarizations. It is worth noting that the high extinction ratio of 10:1 of this graphene polarizer is either much higher than that of aligned organic nanocrystal polarizer or comparable to that of aligned carbon nanotubes (CNT) film. [20] Figure 4b shows that the high extinction ratio is maintained over the whole visible spectrum and is broader than CNT-based polarizer. [20b] All these excellent anisotropic properties originate from underlying graphene sheets, and the results are well reproduced by simulations shown in Figure 4a ,b. [21] The small discrepancy is believed to come from the broad size distribution of graphene sheets in the experiment. By the way, graphene sheets are completely aligned in the simulation. A good agreement between experiment and simulation in the optical transmission anisotropy indicates a perfect alignment in the experiment. As a side application, Figure 4c shows a simple polarization-controlled transmission display using a photomask and an ordinary polarizer.
The unique advantage of our magnetic alignment, i.e., a small magnet footprint but with uniform alignment over a large volume, further allows us to create arbitrary patterns of aligned graphene for various applications. Figure 5a shows an example of two-step patterning of graphene sheets aligned in two directions using UV-assisted orientation immobilization. Multiple steps are needed to pattern graphene sheets in multiple directions, with each step immobilizing one orientation. Figure 5b ,c,e,f shows an all-graphene display of a baby panda in either transmission or reflection mode with a complementary contrast. Here the diffuse reflection display was implemented by placing the graphene panda film on a dark background under white light. The bright (dark) area in the reflection mode has graphene sheets aligned parallel (perpendicular) to the film surface. Such bright-dark contrast is a result of unique orientation-dependent optical transmission and reflection of graphene, which again can be well understood through simulations in Figure 5d ,g. [3f,22] Like many other display techniques, the resolution of our graphene display is limited by photolithography, graphene size, and the film thickness, which is 1 mm for the panda film. Figure S4 sharp transition can be observed in both reflection and transmission mode. A resolution on the micrometer scale should be achieved in principle by using smaller size graphene and thinner display films.
Although transmissive/reflective display with graphene or GO has been realized before, the current display using planar aligned graphene offers higher contrast and wider viewing angle. Such advantage comes from well dispersed while parallel graphene sheets, and can be easily understood via the schematics in Figure 5b ,e. In previous GO display, only part of GO sheets in contact with the stick become aligned; [8a] while with a static magnetic field, randomly or partially oriented graphene sheets have much less contrast between reflection versus transmission. [3f ] Maximum reflection and transmission can only be achieved with planar aligned graphene sheets, leading to the highest bright/dark contrast. [3a,6,8a] Figure S5 in the Supporting Information shows that the contrast is almost maintained over nearly 180° of viewing. Such large viewing angle is due to the unique and very distinct surface textures: a flat smooth surface when graphene is aligned parallel to the display surface versus a rough spiky surface when aligned perpendicular to the surface, and the optical properties of both types of surfaces are insensitive to the direction of incident light. Clearly, these properties and applications are unique to discotic materials and cannot be realized by 1D nanostructures.
Conclusions
In summary, we have demonstrated a low cost, fast, and simple magnetic method to produce planar aligned graphene sheets with a high order parameter over a large volume. We also revealed extraordinary anisotropic optical properties and demonstrated several unique optical devices of aligned graphene.
Compared to 1D nanostructures, discotic materials exhibit a measurement configuration-dependent order parameter, which can be further controlled by either a static or rotating magnetic field. The benefits of aligned graphene are exemplified in an all-graphene display, and these benefits are applicable to other properties of graphene. As a non-contact method, magnetic alignment can be integrated with many other patterning techniques to create three dimensional complex structures of aligned graphene domains with different novel properties. This simple planar alignment of graphene will accelerate applications of graphene in many other fields. [5-7,9b,12,23] As the strongest diamagnetic nanomaterial, graphene sheets can also be used as a vehicle to control and align other low dimensional nanomaterials or composites.
Experimental Section
Preparation of Graphene NMP Suspension and Graphene Polymer Resin: Graphene was obtained by electrochemical exfoliation of HOPG in K 2 SO 4 salt solution, [13] and dispersed in NMP and ultra-sonicated for 2 h. Average size of the multi-layer graphene was around 1.5 µm with 2.4 nm thickness. Graphene polymer resin was fabricated by mixing multi-layer graphene NMP suspension (0.05 wt%), polyethylene glycol diacrylate (PEGDA, Mn: 700) and UV-curable adhesive (volume ratio: 2:1:1). PEGDA was purchased from SigmaAldrich and UV-cured optical adhesives (NOA65) was purchased from Thorlabs.
Measurement of Birefringence: Field-induced birefringence was measured with a cuvette (thickness: 1 mm) filled with multi-layer graphene NMP dispersion (0.05 wt%) and placed between the two magnets. Two crossed polarizers were placed in the front and back of the cuvette with 45° relative to the magnetic field. For birefringence images in Figure 1b -d,f, a tungsten lamp was used as a light source and a mobile phone camera was used to capture the video. For relative transmission in Figure 1e , a 632.8 nm laser was used as a light source, and the transmitted laser was detected by a photodiode and a scope. 
